We investigate the effect of intermediate charmed meson loops on the M1 radiative decays J/ψ → η c γ and ψ ′ → η (′) c γ as well as the isospin violating hadronic decays ψ ′ → J/ψ π 0 (η) using heavy hadron chiral perturbation theory (HHχPT). The calculations include tree level as well as one loop diagrams and are compared to the latest data from CLEO and BES-III. Our fit constrains the couplings of 1S and 2S charmonium multiplets to charmed mesons, denoted g 2 and g ′ 2 , respectively.
Many of the static properties and decays of charmonium states can be understood within a framework in which these states are viewed as non-relativistic bound states of charm and anticharm quarks. This includes the quark model [1] as well as the modern QCD-based approach of non-relativistic QCD (NRQCD) [2] , which allows for systematic treatment of charmonium properties as an expansion in α s and v c , where v c is the relative velocity of the charm-anticharm quarks. Despite many successes there remain specific transitions that are not well understood quantitatively. Examples of decays that are not completely understood are the hadronic decays ψ ′ → J/ψ(π 0 , η), and the radiative decays to J/ψ → η c γ and
c γ. The hadronic decays violate isospin, in the case of a final state with π 0 , or SU(3), when the final state is η. As a consequence the ratio of this decay is sensitive to light quark masses [3, 4] . The value of the light quark mass ratio extracted from the measured decay rates [5, 6] , m u /m d = 0.4 ± 0.01, differs significantly from the result extracted from meson masses in chiral perturbation theory, m u /m d = 0.56 [7, 8] . For the radiative decays the experimentally measured rates differ from quark model expectations. For example, a non-relativistic quark model calculation of J/ψ → η c γ (ψ ′ → η c γ) yields a prediction of ≈ 3 (≈ 0) keV, 1 whereas the experimental results are 1.57 ± 0.38 (0.97 ± 0.14) keV [10] .
In Ref. [11] , NRQCD is used to analyze the decay J/ψ → η c γ, and the authors show that O(v 2 ) corrections can lower the rate so that the theoretical prediction is consistent with data.
However, no attempt has been made to understand radiative decays of ψ ′ in this framework.
For reviews of these puzzles and others in charmonium physics, see Refs. [9, 12, 13] .
Recently, Ref. [14] proposed that the hadronic decays mentioned above are dominated by loop diagrams with virtual D mesons. The decays are calculated using Heavy Hadron Chiral Perturbation Theory (HHχPT) [15] [16] [17] , in which the charmonia are treated non- [14] showed that the loop diagrams with D mesons should be enhanced over tree level couplings 1 The decay rate ψ ′ → η c γ vanishes in the non-relativistic quark model due to the vanishing overlap of the orbital wavefunctions of the ψ ′ and the η c , and is no longer zero once relativistic corrections are taken into account. However, quark models that include relativistic corrections still have trouble reproducing the correct rate for ψ ′ → ηγ [9] .
by a factor of 1/v. The rates for ψ ′ → J/ψπ 0 and ψ ′ → J/ψη are sensitive to the product
where the J/ψ coupling to D mesons is g 2 and the ψ ′ coupling to D mesons is g ′ 2 . Ref. [14] found a value of g 2 g ′ 2 consistent within errors with the two experimentally measured rates. This resolves the disagreement between the value of m u /m d extracted from these decays and other extractions, since the prediction for the ratio of rates in terms of m u /m d relied on the rates being dominated by the tree level HHχPT coupling. The value of g 2 g ′ 2 extracted by Ref. [14] is consistent with power counting estimates of g 2 and g ′ 2 , which are both expected to be ∼ (m c v c ) −3/2 up to constants of order unity. Other hadronic and radiative charmonium decays are also analyzed within the same formalism in Refs. [18] [19] [20] .
The goal of this paper is to apply the same theory to the radiative decays mentioned above. One of our aims is to check whether the theory can also successfully resolve puzzles in radiative decays as one would hope. It is also important to check that couplings extracted from the hadronic decays are consistent with data on radiative decays. An important aspect of our analysis is that unlike Refs. [14, 18] , tree level counterterms are included in our calculations of both hadronic and radiative decays. Ref. [18] argued for an additional factor in the loop graphs of 1/(4πv
3, which would compensate the 1/v enhancement of the loops. This factor, and the fact that v is not very small, support including both the loops and tree level interactions in the calculation, which we will do in this paper. This can have an important impact of the extracted values of the couplings g 2 and g ′ 2 . Finally, an additional motivation for our analysis is that the extracted couplings are important for the physics of the X(3872) and other recently discovered charmonium bound states that have been interpreted as charmed meson molecules. If the X(3872) is a charmed meson bound state, then the coupling g 2 (g ′ 2 ) is an important theoretical input for calculations of X(3872) → J/ψ(ψ ′ )+X, so extraction of g 2 and g ′ 2 is relevant to unconventional as well as conventional charmonia. For theoretical calculations of X(3872) to conventional charmonia using effective field theory, see Refs. [21] [22] [23] .
Our main result is that in order to obtain a consistent fit to both radiative decays as well as the hadronic decays considered in Refs. [14, 18] , counterterm contributions must be included and the values of g 2 and g ′ 2 will then be smaller than estimated in an analysis containing only the loop diagrams by a factor of 2.3. This decreases the overall size of the loop amplitude by a factor of 5. It is not possible to get reasonable agreement with radiative decay data without including counterterms. Since NRQCD is the microscopic theory of charmonia, and does not include loop effects from charmonia, one is tempted to identify the result of a calculation of the J/ψ → η c γ amplitude in NRQCD with the tree level coupling in HHχPT. This is somewhat tenuous as the bare coupling in our theory has an infinite piece that must cancel the linear divergence in the meson loop integrals.
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Nevertheless, we regard it as satisfying that the size of the counterterms we extract in our fit with the smaller values of g 2 and g ′ 2 are consistent within a factor of 2 with the quark model and NRQCD calculations of the radiative transitions. For other extractions of the couplings g 2 and g ′ 2 in different theoretical frameworks, see, e.g., Refs. [24] [25] [26] [27] [28] [29] [30] . In Refs. [31, 32] , the charmed meson loop corrections to radiative J/ψ and ψ ′ decays are studied in a version of HHχPT with relativistic propagators and couplings, as well as form factors at the vertices that regulate ultraviolet divergences. The form factors introduce an additional parameter into the calculations. These authors did not attempt to simultaneously fit the hadronic decays but used values of g 2 and g ′ 2 consistent with those obtained in Refs. [14, 18] . Their results are also consistent with the experimental data on the radiative decays.
The effective HHχPT Lagrangian relevant to the hadronic decays is [18, 21, 33 ]
Here H a = V a · σ + P a andH a = −V a · σ +P a are the charmed and anti-charmed meson multiplets with V a and P a denoting the vector and pseudoscalar charmed mesons, respectively, and
c denotes the charmonium multiplets with ψ (′) and η The tree level decay amplitudes are [18] ,
where
). To leading order in the chiral expansion, these factors may be expressed in terms of light meson masses:
)/F . The π 0 − η mixing must also be included, and the mixing angle is
When this mixing is included the first matrix element in Eq (2) is multiplied by 3/2. The loop diagrams contributing to the decay have been evaluated in Refs. [14, 18] . Since the decay to π 0 (η) vanishes in the isospin (SU (3)) limit, the diagrams cancel in the sum over For electromagnetic decays, we need to add couplings to the magnetic field and gauge the interactions in Eq. (1). The tree level coupling of the charmonia to the magnetic fields is given by [34, 35] 
where B is the magnetic field. Due to the presence of Pauli matrices these terms break heavy quark spin symmetry. The first term is responsible for the decay J/ψ → η c γ, the second for ψ ′ → η c γ, and the third for ψ ′ → η ′ c γ. For the loop corrections to the radiative decays, we must also include the coupling of the charmed mesons to the magnetic field, which is given by [33, 36] 
where suppressed terms is crucial for reproducing observed D * → Dγ rates [36] . Ref. [33] finds that a good fit to the experimental rates is obtained for the values m c = 1.5 GeV and
These couplings enter the radiative decays of charmonia through the triangle diagrams shown in Fig. 1 . There are also interactions that arise from gauging the derivatives in Eq. (1) . Gauging the derivatives in the kinetic term for the D mesons leads to couplings to the photon which contribute to the radiative decays via triangle loop diagrams shown in Fig. 2 . Gauging the coupling g
2 leads to a contact interaction that directly couples charmonia, heavy mesons and the photon field, which is given by The tree level amplitude for the J/ψ → η c γ decay, for example, is
where q denotes the momentum of photon, and ǫ γ and ǫ J/ψ are the polarization vectors of the photon and J/ψ, respectively. The corresponding decay rate is
Here the factor √ m J/ψ m ηc comes from the normalization of nonrelatvistic fields in HHχPT.
In the non-relativistic quark model, ρ = 2ee c /m c ≈ 0.3 GeV Before proceeding to our fits to the data, we will briefly discuss the power counting for the diagrams we have shown. As stated earlier, for non-relativistic D mesons one takes 
The first factor comes from the loop integration factor, the second from the propagators, the third factor from the derivative couplings of charmonium to D mesons, and the factor of q is the photon or pion momentum which comes from the coupling of these particles to D mesons. The diagrams with the contact interaction scale as (m 
The graph in which all propagators contribute only the first term is zero by symmetry.
In order to get a non-vanishing result at least one propagator in the graph must give a contribution from the second term, then the power counting says the graph is enhanced by a factor of δ/m D v 2 , which makes the graph 1/v enhanced rather than v suppressed relative to the tree level diagrams [14, 18] . Since v is not very small this could be compensated by other numerical factors. In practice it is easier to simply calculate the graphs with the unexpanded propagators but expanding the propagator makes it clear that after summing over all graphs one gets a 1/v enhancement. In this paper, we will take the viewpoint that the leading one loop diagrams are of roughly the same size as the tree level contributions and include both in the decays, then try to simultaneously fit the radiative and hadronic decays mentioned above.
A separate question is whether higher order chiral corrections are under control. Certainly some chiral corrections are suppressed as argued for different charmonium radiative decays in Ref. [20] . But in a subgraph with a ladders of single pion exchanges between a pair of D mesons, non-relativistic power counting shows that the ladder with n + 1 single pion exchanges is suppressed relative to one with n pion exchanges by a factor This is a very small value of A, almost two orders of magnitude smaller than the estimate
c ) in Ref. [18] . This fit yields a value of g 2 g ′ 2 similar to that of Refs. [14, 18] .
In this case, we get a value of g 2 g ′ 2 that is a factor of two smaller than Refs. [14, 18] because our calculations
−0.00636 Ref. [9] , but this model does not give a good prediction for the rate ψ ′ → η c γ. In the fits with the larger value of g 2 g ′ 2 the extracted values of ρ, ρ ′ , and ρ ′′ are much larger. This indicates that for these choices of parameters fine tuned cancellations between the tree level and loop diagrams are required to fit the data. This can also be clearly seen in Table II, where we give the loop contribution to the decay for each fit. For the first fit with g 2 g
is over predicted by a factor of 100 and
is over predicted by a factor of 20 without the counterterm contribution. Thus, in order to fit these decays, finetuned cancellations between loop and tree level contributions must occur. Though the loop contributions by themselves do not do a good job of producing the radiative decay rates for the smaller value of g 2 g ′ 2 , the discrepancy is not nearly as large.
of the loop amplitudes for ψ ′ → J/ψπ 0 (η) disagree with the analytic results of Refs. [14, 18] by an overall factor of two. This is because we include graphs in which the π 0 or η couples to theD ( * ) mesons, instead of the D ( * ) mesons, that are omitted in Refs. [14, 18] . TABLE II: The decay rates contribution from the loops alone for the two solutions for g 2 g ′ 2 is compared with the results in the quark model [9] and experimental data. Fit 1 corresponds to
For the decay ψ ′ → η c γ there are rather severely fine tuned cancellations between loop diagrams and tree level contributions for both fits. The photon energies in the decays ). The triangle loop diagrams in Fig. 1 have a similar form as the triangle loop diagrams in the hadronic decays, therefore the notation used here will be the almost the same as that of Ref. [18] . We refer the reader to that paper for explicit expressions for the integrals. The amplitude from Fig. 1(a) is
(eβ + 
1 (q, m 1 , m 2 , m 3 ) only differs from the function defined in Ref. [18] by omitting a factor of m 1 m 2 m 3 from the denominator. Fig. 1(b) contributes
where the functions I
0 (q, m 1 , m 2 , m 3 ) and I 1 (q, m 1 , m 2 , m 3 ) are again the same as functions in Ref. [18] up to a factor of m 1 m 2 m 3 . Fig. 1(c) contributes 
where λ 2 = − is relevant for loops with charged and strange D mesons. Finally, Fig. 1(e) gives
In addition to the triangle diagrams with the couplings of D and D * mesons to the magnetic field from Eq. (5), there are also two triangle diagrams with the coupling of the photon to charged D and D * mesons that arises due to gauging their kinetic terms. These are shown in Fig. 2 . The sum of these two diagrams yields
So far we have only included the interactions coupling the photon to D and D * mesons.
There are additional diagrams where the photons couple toD andD * mesons that give an equal contribution. Fig. 3 shows the loop diagrams with the contact interaction that arises from gauging the coupling g 2 . Fig. 3 (a) yields iM 3a = i2g 
where 
The graphs in Fig. 3(c) and Fig. 3(d) both vanish, so the total contribution to the amplitude from loops with contact interactions is 2iM 3a . Only diagrams with charged and strange D mesons in the loop will contribute.
The total amplitude from loop diagrams in Fig. 1 
Adding the five diagrams with the photon coupling to aD orD * doubles this contribution.
The contribution from diagrams of Fig. 1 with charged and strange charmed mesons in the loops is obtained by substituting λ 1 with λ 3 and λ 2 with λ 4 . In addition, the contributions from the diagrams in Fig. 2 and 
where the superscript c(s) indicates a contribution from loops with charged (strange) D mesons. The decay rate for J/ψ → γη c is given by
